Background: cAMP research in intracellular parasites remains underappreciated, and requires a specific method for cyclic nucleotide regulation.
INTRODUCTION
Phosphodiesterases degrade cAMP to counterregulate cAMP-mediated signaling (7) . The affinities of such cAMP signaling-associated proteins e.g., PKA and phosphodiesterase for cAMP range in nM to µM amounts, and its cellular levels are strictly regulated (4) (5) (6) (7) (8) . It has been shown that an activator of adenylate cyclase, forskolin, can exert a transient rise in cAMP levels of Toxoplasma-infected cells, and induces bradyzoite formation (9, 10) . In contrast, a membrane-permeable and non-hydrolysable analog of cAMP and phosphodiesterase inhibitors can cause a persistent activation of cAMP-regulated host/parasite signaling, and reduce bradyzoite differentiation (9, 10) . It is however debatable whether the parasite or host cAMP determines the stage switching in T.
gondii. In addition, other possible roles of cAMP described in Plasmodium e.g., host-cell invasion (11, 12) have not been identified in T. gondii yet.
Typically, the study of cAMP-mediated parameter applicable to essentially all cells (14) .
Its wide application has stimulated the demand for the photo-regulatable proteins to modulate general regulators such as, cyclic nucleotides and inositides (15, 16 
MATERIALS AND METHODS

Biological reagents
All cell culture media and additives were purchased from PAA and Sigma-Aldrich (Germany). The XL-1b strain of E. coli Samples were washed 3x with PBS, permeabilized in 0.2% Triton-X100/PBS (20 min) and stained with α-TgGap45 (1:3000, 1 hr).
They were washed again, and incubated with Alexa488-/Alexa594-conjugated antibodies
(1:3000, 1 hr). The fraction of invaded parasites was determined by counting the parasites labeled with α-TgGap45/Alexa594 (red) but not with α-TgSag1/Alexa488 (green) antibodies (22) .
Molecular cloning and genetic manipulation of T. gondii
The full-length ORF of bPAC was amplified from a pET28a expression plasmid using
PfuUltraII fusion polymerase and indicated primers ( 
Indirect immuno fluorescence analysis
The parasitized HFF monolayers grown on glass coverslips for 24-72 hrs were washed with PBS and fixed with 4% paraformaldehyde for 20 min, 
Stage differentiation in type-II T. gondii
To assess bradyzoites, we stained the cyst wall containing glycoproteins (such as, CST1) with biotinylated Dolichos biflorus lectin (1:500;
Vector Labs, US) and Alexa594/Alexa488-conjugated streptavidin (24) . We also scored bradyzoite-specific (pLDH2-regulated) GFP fluorescence in the type-II reporter strain of T.
gondii (20, 21) . No apparent differences in bradyzoite assessment were observed when using lectin or GFP staining. The parasites (0.5- 
RESULTS
Expression of bPAC in T. gondii allows an optogenetic induction of parasite cAMP
To examine whether a photo-activated adenylate cyclase from Beggiatoa (bPAC) can be functionally and stably expressed in T. gondii 
Conditional expression of bPAC provides a quantitative control of parasite cAMP
The challenges of the dark activity and a modest cAMP induction prompted us to optimize and enhance the efficacy of our optogenetic model.
Based on the assumption that a constitutive expression of bPAC would have allowed the parasite to adjust its regulatory machinery, we generated a conditional transgenic strain harboring bPAC fused with a Shield1-regulatable destabilization domain (ddFKBP) (26) . Moreover, we implemented a rapid and reversible stabilization of bPAC by ddFKBP when desired, to circumvent its inadvertent expression and dark activity in routine cultures.
A ddFKBP-bPAC-Myc expression construct driven by a constitutive TgGRA2 promoter was generated, which encoded a bPAC fusion protein flanked with a ddFKBP domain and Myc-tag at its N-and C-terminus, respectively (Fig 2) . This construct was expressed in type-I tachyzoites.
Immuno-fluorescence demonstrated a cytosolic expression of the fusion protein. In addition, the bPAC expression was Shield1-dependent, because no staining was detectable without the ligand (Fig 2A) . 
Elevation of the cAMP levels in type-I strain affects tachyzoite invasion
It has been reported that hepatocyte and erythrocyte invasion by Plasmodium sporozoites and merozoites depend on cAMP signaling, which regulates the parasite exocytosis (11, 12) .
To confirm the occurrence of this phenomenon in T. gondii tachyzoites, we executed secretion/invasion assays using our optogenetic strain ( Fig 3A) . Intracellular tachyzoites were incubated with Shield1 to stabilize bPAC before isolating extracellular parasites. Host-free tachyzoites were photo-activated to induce their (Fig 4A) . As expected, bradyzoites expressed GFP, while tachyzoites were GFPnegative. The bPAC fusion protein was also regulatable by Shield1 in both stages (Fig 4A) .
Immunoblots revealed an expected 53-kDa band in response to Shield1 treatment confirming the integrity and ligand-regulation (Fig 4B) . The absence of Shield1 (Fig 6) . These assays also included lectin staining to ascertain the authenticity of bradyzoite cysts and its positive correlation with stage-specific GFP expression (Fig 6A) . We first tested the kinetics of cAMP stimulation in parasitized host cells (Fig 6B) .
The cAMP level in parasitized host cells ( 10 6 ) was increased to 30.000 and 160.000 fmol 
Host-derived cAMP is not a likely determinant of parasite differentiation
We next assessed a putative role of host cAMP in the parasite differentiation using human fibroblast cells in line with other assays. We (Fig 7A) .
Despite a vast induction of host cAMP level to 5x10 5 fmol, bradyzoite formation remained unchanged, when compared to control dark samples with 40.000 fmol of cAMP (Fig 7B) .
Transfected HFF cells displayed about 6x higher than usual cAMP (~40.000 vs. ~7000 fmol; dark activity), though it was well below the bradyzoite-inducing threshold levels within the parasite itself (Fig 6B) . It is worth mentioning (Fig 8A) . We, therefore, exerted a moderate but persistent induction of cAMP in intracellular parasites by culturing them with Shield1 during the differentiation process. As anticipated, the exposure to Shield1 did not affect the parental strain. In contrast, we scored 2-fold increase in tachyzoite to bradyzoite ratio in the transgenic strain (Fig 8B) , which was due to reduced bradyzoite counts (Fig 8C) .
These results agree with the former finding, and further emphasize a need of parasite-derived cAMP in the process of stage differentiation.
DISCUSSION
We have generated transgenic Toxoplasma (A-C) Construct expressing ddFKBP-bPAC-Myc fusion protein in type-I strain of T. gondii (as in Fig 2) . In total, 100 parasites per assay were scored from two to four independent experiments. The statistics was done using the Student's t-test with respect to the untreated basal control of individual strains (*, p<0.05). The statistics in panel B and C (**, p<0.01; ***, p<0.001) was performed using the Student's t-test with respect to the untreated basal control of individual strains. were allowed to infect fibroblast cells (MOI, 0.1) in the absence or presence of Shield1 (1 µM) for 4 hrs followed by photo-activation (0-8 min). The parasites were immuno-stained 72 hrs of infection, and a total of 100-200 vacuoles per assay were scored for lectin staining to estimate the frequency of bradyzoites.
The error bars show the mean±SEM of three independent assays. The statistics was performed using the ANOVA and Bonferroni tests between all paired samples (**, p<0.01; ***, p<0.001). The infected host cells were kept in the dark or exposed to light (455 nm, 2 min) 28 hrs post-transfection followed by incubation for 48 hrs to allow the parasite differentiation. Samples were stained by lectin to score bradyzoites in bPAC-mCherry transgenic fibroblasts. The host cAMP levels were measured 28 hrs post-transfection without or with photo-activation (455 nm, 2 min). The error bars show the mean±SEM of two independent assays. 
